Defoliation may initiate physiological recovery and chemical defence mechanisms that allow a plant to improve fitness after damage. Such responses may result in changes in plant resource allocation that influence growth and foliar chemistry. In this study, we investigated the nature and stability of the defoliation response of juvenile plants from three divergent populations of Eucalyptus globulus Labill. A partial defoliation treatment that removed all upper crown leaves and the apical buds was applied to plants sourced from eight families from each of three populations representing contrasting chemical resistance to mammalian herbivory. Growth, photosynthetic rate and chlorophyll content were assessed pre-defoliation and periodically up to 12 weeks post-defoliation. The content of key plant primary and secondary metabolites was assessed pre-defoliation, at 12 weeks post-defoliation in the old foliage (positioned below the point of defoliation) and in the new foliage of the control plants and regrowth (from axillary buds) on the defoliated plants. There were clear treatment impacts on physiological responses, growth and foliar chemical traits, but despite significant constitutive differences in physiology, growth and chemistry the three E. globulus populations did not vary in their response to foliage loss. Distinct physiological responses to defoliation were observed with treatment plants showing significant up-regulation of photosynthetic rate and increased chlorophyll content in the old foliage remaining in the lower crown. There was a significant increase in the concentrations of a number of foliar chemical compounds in the regrowth arising from previously dormant axillary buds compared with new growth derived from apical meristems. There were changes in biomass allocation; defoliated plants had increased branching and leaf biomass, with changes in regrowth morphology to increase light capture. This study argues for multiple responses of E. globulus juveniles to defoliation involving apical bud loss, including elevated chemical defences matched with increased growth. From a chemical defence perspective, these responses create an enhanced chemical mosaic to the herbivore, with leaves remaining after partial browsing potentially being more palatable than the regrowth. This study demonstrates the multiple independent strategies plants may use to respond to partial defoliation and emphasizes the dynamic interplay between growth and defence in the recovery response.
Introduction
Defoliation by herbivores often has detrimental impacts on plant survival and fitness . To mitigate these effects, plants respond with a range of compensatory mechanisms to allow recovery from tissue loss and damage (Haukioja and Koricheva, 2000) . These may include increasing photosynthetic rates in residual plant tissue (Reich et al. 1993 , Houle and Simard, 1996 , Mabry and Wayne, 1997 , Chen et al. 2001 , Eyles et al. 2011 , Gori et al. 2014 , reallocating substrates from other plant parts, increasing allocation of new photosynthates to the production of new leaves, and/or increasing the rate of cell division and elongation (Hilbert et al. 1981 , McNaughton, 1983 . Mammalian browsing commonly results in loss of foliage including the removal of the apical meristems, which often activates sprouting from axillary or lateral buds. This can change host plant resource allocation (Wise and Abrahamson 2008) , and subsequently alter leaf-and plant-level chemical properties (Bryant et al. 1991) . Such changes in chemistry may be a result of induced defences, reversal of physiological aging of plant tissues or products of altered resource allocation to secondary metabolism (Karban et al. 1999) , and are likely to affect plant susceptibility to future attack (Haukioja et al. 1990 , Landsberg 1990 , Paige 1992 , Steinbauer et al. 2014 .
Eucalyptus is a dominant tree genus in the Australian landscape and at different life stages is susceptible to damage from fungal pathogens (Keane et al. 2000) , and invertebrate (Jordan et al. 2002 , Rapley et al. 2004 ) and vertebrate herbivores (Bulinski 2000) . Eucalypts utilize two strategies to minimize the detrimental effects of herbivore attack. The first is to avoid damage through constitutive chemical defence (Andrew et al. 2007 , Henery et al. 2008 , which has been shown to confer resistance to mammalian browsers (O'Reilly-Wapstra et al. 2004 ). The second is to initiate physiological recovery mechanisms once the damage has occurred and produce vegetative growth from dormant buds containing stored carbohydrate (Pinkard et al. 2007 , Burrows 2013 , Eyles et al. 2013 . Vegetative growth occurs with increasing intensity of disturbance, occurring first from the axillary buds, followed by the epicormic buds and then from the buds of the lignotubers (Burrows 2013) . Following partial defoliation, plants respond with up-regulation of photosynthetic rates in the remaining leaves , Pinkard 2003 , Pinkard et al. 2004 , Turnbull et al. 2007 and make changes in biomass partitioning, to allow compensation for loss of leaf area (Pinkard and Beadle 2000) . These physiological responses are influenced by a range of variables including damage severity, growing condition and plant age (Eyles et al. 2013 ). What we do not know is whether or not juvenile-stage eucalypts change their defensive chemical profile during regrowth to minimize future attacks.
In eucalypts, population divergence has been documented in numerous quantitative traits including growth (Dutkowski and Potts 1999, Stackpole et al. 2010) , recovery response to severe defoliation (Whittock et al. 2003 , Borzak et al. 2016 , phase change from juvenile to adult leaves (Hamilton et al. 2011) , reproduction (Jones et al. 2011 ) and chemical defences (Jones et al. 2002 , O'Reilly-Wapstra et al. 2002 , Andrew et al. 2007 , Borzak et al. 2015b . Populations also differ in their morphological and physiological plasticity (McLean et al. 2014 , Drake et al. 2015 as well as ontogenetic trajectories (Borzak et al. 2015b ). However, whether populations within species of this ecologically dominant genus differ in their physiological and chemical responses to defoliation remains unexplored. Such intraspecific comparisons are important to help provide insight into how species may progressively adapt mechanisms to deal with herbivory (Strauss and Agrawal 1999) .
Defoliation of sapling and mature eucalypts often leads to resprouts from dormant axillary buds and, in the case of eucalypts, can cause varying degrees of reversion to the juvenile phase (Wiltshire and Reid 1992, Poethig 2013) . Juvenile eucalypt foliage is often more chemically defended than mature foliage on adult trees (O'Reilly-Wapstra et al. 2007) ; this is consistent with the theory that chemical defence is greater in foliage that potentially suffers more browsing pressure and has a higher fitness consequence if browsed (Swihart and Bryant 2001) . Severe browsing of eucalypts at the adult stage initiates regrowth from lignotubers that produce reverted juvenile coppice foliage containing higher constitutive defensive chemistry than the related adult un-defoliated trees (O'Reilly-Wapstra et al. 2007 ). On the other hand, browsing at the juvenile stage may result in a carbon stress that subsequently reduces the constitutive defences of regrowth juvenile phase (Bryant et al. 1983) . This paper addresses a gap in our knowledge of Eucalyptus recovery mechanisms in response to juvenile-stage defoliation by investigating population-level differences in the physiological responses (photosynthetic rate and foliar chlorophyll content) and the chemical profile of regrowth after partial defoliation.
In this study, leaves of treatment plants of Eucalyptus globulus Labill. were removed to 50% of plant height, including the apical buds. This pattern of defoliation is consistent with browsing damage by the most dominant native mammalian herbivores of E. globulus, the brushtail possum (Trichosurus vulpecula Kerr 1792) and the red-bellied pademelon (Thylogale billardierii Desmarest 1822; Bulinski and McArthur 2000) . These herbivores show a preference for consuming the youngest leaves rather than stems, including the apical buds ( Desmarest 1822, Bulinski and McArthur 1999, McArthur et al. 2000) . However, browsing severity may vary and occur periodically over time (Borzak et al. 2015a ). In the case of low-level disturbance, resprouting from undamaged axillary buds occurs (Burrows 2013) . Here, we investigated changes in photosynthetic rate and chlorophyll content up to 12 weeks after the defoliation treatment as well as the change in plant secondary metabolites (PSMs). Plant secondary metabolites were selected on the basis of known effects on mammalian (Lawler et al. 1999 , Wallis et al. 2002 , O'ReillyWapstra et al. 2004 ) and invertebrate (Edwards et al. 1993 , Rapley et al. 2008 ) herbivory of eucalypts. These include total terpenes, total condensed tannins, total phenolics and two formylated phloroglucinol compounds: sideroxylonal A and macrocarpal G. Fourteen individual terpene compounds were also quantified including eight monoterpenes (including 1,8-cineole and α-pinene) and six sesquiterpene compounds. This study focused on juvenile eucalypt growth, which is an important lifehistory stage in this forest dominant. This stage is often more susceptible to herbivory, and damage at this young developmental stage may have significant impacts on later age survival (Chambers et al. 1996) and growth (Bulinski and McArthur 1999 , Stackpole et al. 2010 , Borzak et al. 2015a , and therefore may be under selection 
Materials and methods

Study species
Eucalyptus globulus is a forest tree distributed naturally in southeastern Australia, including the islands of Tasmania, but grown in plantations throughout temperate regions of the world . Population differentiation in E. globulus is well documented (Dutkowski and Potts, 1999) . Marked quantitative genetic differentiation occurs across its geographic range, with populations differing in numerous traits; including susceptibility to pathogens , and insect (Jordan et al. 2002) and marsupial (O'Reilly-Wapstra et al. 2002) herbivores, as well as defensive chemistry (O'Reilly-Wapstra et al. 2002 , Külheim et al. 2011 ). This variation has been summarized by classifying E. globulus into 13 genetically differentiated races (Dutkowski and Potts 1999) . Populations within these groups are defined as trees growing within 10 km of each other (Potts and Jordan 1994) .
Experimental design
Three E. globulus populations were selected to encompass the diversity in foliar defensive chemistry of the species. These populations differ in the patterns of ontogenetic change in defensive chemistry (Borzak et al. 2015b) , and include populations representing extremes of browsing resistance in E. globulus on the island of Tasmania. These were the St Helens population in the northeast of Tasmania (41°150′S, 148°190′E), which has low foliar defensive chemistry, and Blue Gum Hill population in the southeast of Tasmania (43°030′S, 146°520′E), which has relatively high foliar defensive chemistry (O'Reilly-Wapstra et al. 2004) . A third population, Jeeralang North in the Strzelecki Ranges on mainland Australia (38°190′S, 146°520′E), also has high resistance to herbivory (O'Reilly-Wapstra et al. 2004 ) and was chosen to represent a population from a different molecular lineage (Jones et al. 2013) . The three selected populations encompass the broad spatial genetic structure of this species and we surmise that any genetic variation in assessed phenotypic traits will also extend to the less divergent populations. Each population was represented by eight families (a single plant per family per treatment). A family is the progeny derived from open-pollinated seed collected from a native tree within a population. Seedlings (n = 48; 8 families × 3 populations × 2 treatments) were grown in a glasshouse in low nutrient potting mix containing slow-release fertiliser (N:P:K 17:1.6:8.7) and at 4 months of age were put in an irrigated outdoor enclosure to allow leaves to harden. At 9 months of age, the juvenile plants were transferred to 30 cm diameter pots and left in the enclosure to establish for an additional 4 months until the commencement of the experiment. Each E. globulus family seedling was assigned at random to one of two experimental groups: treatment (n = 24) and control (n = 24). Pots were positioned in a row × column grid in a completely randomized design in the enclosure. The plants were 82.5 ± 1.2 cm (mean ± SE) in height and had an average stem diameter (at 10 cm above ground level) of 0.7 cm at the start of the experiment, with an average node number of 24 ± 2 on the stem. Eucalyptus globulus is heteroblastic but at this stage all plants were at the juvenile leaf stage, where leaves at each node are opposite and sessile. At the commencement of the experiment, the leaf pairs growing at nodes 5-6 on the lowest part of the stem had senesced naturally. To control the pattern and severity of the damage, artificial defoliation was undertaken on treatment plants. In terms of physiological response, this method is considered to be an adequate equivalent in the response generated to natural herbivory (Quentin et al. 2010) . Following an initial assessment of physiological traits, the treatment plants were defoliated using fine tip scissors, from the crown apex downward (i.e., upper crown) to 50% of the plant height (consistent with Barry and Pinkard 2013) , by removing all leaves and terminal buds of the main stem and lateral branches (Week 0). Care was taken not to damage axillary buds. To achieve 50% leaf removal, leaves on the main stem positioned below the lowest lateral branches (approximately eight leaf pairs) were left intact. The leaves on the first 2-3 nodes at the base of the lowest lateral branches were also left intact. Cotton loops with tags were attached to mark the position of defoliation. New leaves arising from axillary buds on the defoliated plants were characterized as 'regrowth'. The 24 plants not subject to defoliation served as controls. In the control plants, cotton loops with tags were attached directly below the nodes of unopened leaf buds to mark the position of new growth. All juvenile leaves emerging from apical buds positioned above the cotton tags were characterized as 'new growth'. Comparisons between the upper and lower crowns of the control and treatment plants allowed key a priori contrasts to be made (Figure 1 ). For the duration of the experiment, pots received adequate water (three times a day). Assessments of plant growth (height, stem diameter and lignotuber size) and physiological responses (photosynthetic rate and chlorophyll content) were made prior to defoliation treatment, then at weeks 1, 3, 6, 9 and 12 (six assessments in total). Plant biomass and foliar chemistry were assessed on the harvested plants at Week 12.
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Physiological components
Light-saturated foliar photosynthesis was measured using CIRAS-1 infrared gas analyser (IRGA; PP Systems, Herts, UK) with a 2.5 cm 2 leaf chamber. The IRGA delivered CO 2 at 360 ppm and a tungsten light source delivered a photosynthetic photon flux density of 1500 mol m −2 s −1
. The photosynthetic rate was recorded as CO 2 uptake. Each leaf was enclosed in the chamber and left to equilibrate until a constant CO 2 flux was observed (up to 4 min). Assessments were made in fine weather conditions between 09:00 h and 14:00 h Eastern Australian Standard Time. Within the randomized design, plants in a row were assessed in consecutive order, but with row number and row direction chosen at random for each assessment period. Three healthy leaves of similar size and with no visible signs of aging were selected from each of the 48 plants. Selected old leaves below the cotton tags in the lower crown were assessed 1 day prior to the defoliation treatment at Week 0, and then 1, 3, 6, 9 and 12 weeks following defoliation. At Week 6 and onward, the established new growth/ regrowth in the upper crown was assessed by selecting leaves above the cotton tags. Photosynthetic assessments from Week 6 were made over two consecutive days.
At every assessment time, relative chlorophyll content (based on leaf absorbance in the wavelengths 650 and 940 nm) was determined on the same leaves as those analysed with the IRGA, using a Minolta SPAD-502 (Konica-Minolta, Hong Kong, China). This device produces relative SPAD meter values that are proportional to the amount of chlorophyll present in the leaf. Three measurements per leaf were made and the average was recorded. To determine chlorophyll concentration (mg cm −2 ), the measured SPAD values were converted using a relationship between SPAD values and actual chlorophyll content determined in this study.
The relationship was established from leaves sampled from treatment plants as part of the defoliation treatment at Week 0, and at Week 6 when three IRGA-and SPAD-measured leaves were picked from each crown (a total of six similar-sized leaves from each plant) and immediately frozen to −20°C for later analysis. These leaves were not included in the final biomass measured at the end of the experiment. Chlorophyll content was quantified for each of 36 randomly selected leaves with a triple extraction method adapted from Martin et al. (2007) . In brief, after thawing, discs were punched out of leaves and ground in a mortar with fine sand and 5 ml of liquid nitrogen. Ground leaf material was extracted with three 2 ml volumes of 100% cold acetone, centrifuged for 3 min then absorbance was read at 470, 645, 663 and 710 nm with a Cary UV-VIS spectrophotometer (Varian, Inc., Palo Alto, CA, USA). Total chlorophyll (Chl a + b) was determined using equations for chlorophyll a (Chl a) and chlorophyll b (Chl b) developed by Lichtenthaler and Buschmann (2001) . A relationship between SPAD values and Chl a + b concentration was established using data from the 36 leaves (R² = 0.92) and applied to all SPAD values to estimate Chl a + b for all assessment time periods.
Growth and biomass
Plant height, stem diameter (at 10 cm above ground level) and lignotuber size were measured at each assessment time. Relative lignotuber size was calculated as the difference between the diameter of the lignotuber (including the stem) and the diameter of the lignotuber, divided by the diameter of the stem at the cotyledonary node perpendicular to the lignotubers (Whittock et al. 2003) . Biomass harvests were conducted on the experimental plants at Week 12. The cotton loops indicated the position of new growth in control plants and the position of regrowth in the treatment plants. This was the point where the main stem and branches were cut to separate the lower and upper (new growth) crowns. Leaves, stems and branches were separated within crowns. Branch number was counted. The leaves were weighed and then bagged and frozen to −20°C for later chemical analysis. For each tree, 10 leaf samples (stratified by size) from the upper crown were used to determine specific leaf area (SLA; ratio of leaf area to leaf dry mass; kg m −2 ). Foliage from the lower crown was weighed and frozen to −20°C immediately for chemical analysis and was not available for SLA or leaf area measurements due to small sample size. All plant material, except leaves set aside for chemical analysis, was dried at 65°C to constant mass and weighed. Dry leaf weight for chemical analysis was predicted using the linear relationship between dry and wet leaf weights of the 10 SLA leaves (R 2 = 0.96), and added to total dry leaf weight. Leaf area of the upper crown was determined from the relationship between dry weight and leaf area for the 10 leaves sampled. Total above-ground biomass was calculated as the sum of leaves, stem and branch mass. 
Foliar chemistry
Foliar chemistry at the beginning (Week 0) and at the conclusion of the trial (Week 12) was assessed in the new and old foliage from all 48 plants. To assess the change in foliar chemistry response to defoliation, the new growth (upper crown) positioned above the cotton tags in the control plants was compared to the regrowth from axillary buds in treatment plants. The chemistry of the physiologically old foliage remaining in the lower crown below the cotton tags was also determined at Week 12. Assessment of the old foliage accounts for the rate of ontogenetic and developmental chemical change that may occur within the control plants, and also provides an estimate of the chemical profile of the foliage remaining on treatment plants and available to browsers ( Figure 1 ). From these samples, 10 randomly selected leaves were sub-sampled and immediately frozen to -20°C for later terpene analysis. The remainder of the leaves were freeze-dried (BREDA Scientific Freeze Dryer JAVAC, Model LY-5-FM; internal temperature −35°C; pressure of 10 Pa; heater temperature 10°C) and then ground using a cyclotec mill. We assayed a number of PSMs including terpenes, phenolics, condensed tannins, formylated phloroglucinol compounds (FPCs; sideroxylonal A and macrocarpal G). Primary metabolites nitrogen and carbon were also quantified. Fourteen individual terpene compounds were assayed including eight monoterpenes (1,8-cineole, α-pinene, limonene, α-terpineol, α-terpinyl acetate, p-cymene, terpinene-4-ol, 2-hydroxy-1,8-cineole) and six sesquiterpenes (aromadendrene, bicyclogermacrene, alloaromadendrene, α-gurjunene, β-caryophyllene, α-humulene).
Terpenes were assayed using thawed foliage by gas chromatography-mass spectrometry (GC-MS) following a method outlined in Borzak et al. (2015b) . The concentrations of 1,8-cineole and α-pinene were expressed in milligrams per gram of dry matter (mg g −1 DM) equivalents of cineole using a 1,8-cineole standard. Total terpenes and the remaining compounds were expressed as mg g −1 DM cineole equivalents. The GC-MS analyses of the extracts were carried out on a Varian-450 GC with Varian 1177 split/splitless injector and Flame Ionization Detector (FID). Nine samples from the lower crown of the treatment plants did not provide sufficient leaf material for terpene analysis (4 St Helens, 3 Blue Gum Hill and 2 Jeeralang families) and were not included in the study. One sample from the lower crown of the treatment plants (Jeeralang) did not provide sufficient leaf material for FPC analysis and was not included in the study. Total phenolics and condensed tannins were assayed with a modified Prussian blue method for total phenolics using gallic acid standards (Graham 1992) . Concentration of total phenolics was expressed as mg g −1 DM equivalents of gallic acid.
Condensed tannins were assayed with acid butanol using purified sorghum tannin standards (Porter et al. 1986 ). Foliage for these assays was prepared and extracted following the method outlined in Hagerman (2011) . Sideroxylonal A and macrocarpal G were assayed by high-performance liquid chromatography following Wallis and Foley (2005) . By using a pure standard of sideroxylonal A, results were expressed as mg g −1 DM. Results for macrocarpal G concentration were expressed as mg g −1 DM equivalents of macrocarpal A (using a macrocarpal A standard). Total mono-and sesquiterpene content was calculated by the sum of their individual compounds. Freeze-dried ground leaf samples were re-ground to a fine powder using a ball grinder (Retsch MM200) and analysed for nitrogen and carbon using an elemental analyser (EA 1112 Series, Thermo Finiigan, San Jose, CA, USA).
Statistical analysis
Assessments of photosynthetic rate and chlorophyll content of leaves in the lower and upper crown were analysed separately. These components were assessed for the effects of population, treatment and time using a repeated measures (unstructured covariance structure) mixed model fitted with PROC MIXED of SAS (SAS Institute, Inc. 2009). Fixed terms in the model were population, treatment, time and all their interaction terms, with plant being the subject. The random term in the model was 'family within population'. Growth traits assessed at Week 12 (height, stem diameter, shoot number and relative lignotuber ratio), as well as the assessed traits at Week 0 (foliar chemistry, stem diameter at 10 cm, plant height and relative lignotuber size) were assessed using a mixed model with the same fixed and random terms, but with the effect of time removed.
To investigate chemical changes in response to defoliation treatment, control and treatment plants were compared within and between the upper and lower crown zones (Figure 1) . Foliar chemistry at the final assessment at Week 12 was analysed using a repeated measures mixed model fitted with PROC MIX of SAS. Fixed terms in the model were population, treatment, crown and all their interaction terms, with plant being the subject. Random terms were 'family within population' and its interaction terms with treatment and crown. Residuals were checked for normality and homoscedasticity. Data for sideroxylonal A, macrocarpal G, terpinene-4-ol, 2-hydroxy-1,8-cineole, β-caryophyllene, humulene and α-terpinyl acetate were log transformed. For α-terpineol, the three-way interaction term was excluded from the mixed model and incorporated in the error term because its inclusion did not allow model convergence. Biomass allocation to leaf, branch, stem and aboveground biomass within and between the upper and lower crown zones at Week 12 was assessed using the same repeated measures mixed model.
A Bonferroni adjustment of probabilities was used to account for multiple analyses involving 17 individual compounds (α = 0.0029). Multiple pair-wise comparisons of significant effects were made using Tukey-Kramer adjustment. Where there was a significant treatment effect and treatment by crown interaction, a priori contrasts were performed in PROC MIX of SAS to test among predicted patterns of foliar chemical content on the lower and upper crowns of the control and treatment plants. The relationships between variables were examined using correlation models fitted with PROC CORR of SAS.
Results
Photosynthetic and chlorophyll responses
The defoliation treatment plants showed significant changes in their photosynthetic rates and chlorophyll content, with upregulation and return to low levels occurring within the 12-week time frame of the experiment (Figure 2 ). In the days prior to defoliation at Week 0, photosynthetic rate (net CO 2 uptake) and foliar chlorophyll content of the lower crown were not significantly different between plants allocated to different treatments (locality by treatment interaction F 2,21 = 0.4, P = 0.7; Figure 2 ). After the defoliation treatment, there was a decrease in photosynthetic rates in both the control and treatment plants at Week 1, which reflects environmental conditions on the day of assessment; however, by Week 3 there was a marked difference in rates between the treatments. The remaining lower crown foliage showed a marked increase in photosynthetic rate compared with that of the control plants (treatment by time interaction F 2,231 = 58.5, P < 0.001). Populations did not respond differently to treatments (population by treatment interaction F 2,231 = 0.5, P = 0.6), but a difference in the absolute photosynthetic rate (population F 2,21 = 4.85, P = 0.019; Figure 2A ) was due to Jeeralang having significantly higher rates than the St Helens population (P = 0.005 after Tukey-Kramer adjustment for multiple comparisons). The Blue Gum Hill population Tree Physiology Online at http://www.treephys.oxfordjournals.org generally exhibited an intermediate response. The initial response to defoliation resulted in a rapid increase in photosynthetic rates from Week 1 to Week 3 by 60% in Jeeralang, 66% in Blue Gum Hill and 62% in St Helens. These rates were maintained to Week 6. There was no significant change in the control plants over this time period. At Week 9 there was a rapid decline in photosynthetic rates in the treatment plants (treatment by time interaction F 5,231 = 58.5, P < 0.001) with a return to the initial rates. Photosynthetic assessments in the upper crown were made in Weeks 6-12, after the crown began to recover ( Figure 2C ). The pattern in rates across assessment periods (treatment by time interaction F 2,105 = 4.4, P = 0.02) shows photosynthetic activity was greater in the regrowth on the treatment plants than the new growth on the controls. Population ranking in the upper crowns was consistent with that in the lower crown, with Jeeralang exhibiting the highest rates. Photosynthetic rates were increased in the treatment plants (treatment F 1,105 = 56.1, P < 0.001) with Jeeralang once again producing the highest photosynthetic rates compared with the two Tasmanian populations (population F 1,21 = 5.8, P = 0.03 after Tukey-Kramer adjustment for multiple comparisons) in both controls and treatments plants.
Across the course of the experiment chlorophyll content in the lower crown showed a significant treatment effect (treatment by time interaction F 5,231 = 38.8, P < 0.001; Figure 2B ). From Week 1 to Week 3, chlorophyll content increased by 17% in Jeeralang, 30% in Blue Gum Hill and 31% in St Helens, whereas the control plants decreased in content by 17% in Jeeralang, 17% in Blue Gum Hill and 19% in St Helens. After Week 3, chlorophyll content was stable to 6 weeks followed by a steady decline. The control plants declined over the entire period. The three populations were not significantly different in the production of chlorophyll (F 2,21 = 2.9, P = 0.08). Nevertheless, it is noteworthy that Jeeralang had a higher content than St Helens and Blue Hill was intermediate, which is consistent with the population ranking for photosynthetic rate. Chlorophyll content in the upper crown of the regrowth assessed from Weeks 6-12 showed significant effects of population (F 2,21 = 5.08, P = 0.02; Figure 2D ), treatment (F 1,105 = 6.7, P = 0.01) and time (F 2,105 = 14.2, P < 0.001), but not their interactions. Chlorophyll content showed the same population ranking as in the lower crown (Jeeralang > St Helens, P = 0.005 after pair-wise t-test), although a clear pattern over these 6 weeks was not evident.
There were significant positive relationships between photosynthetic rate and chlorophyll content in the lower crown at all assessment periods, with the strongest association occurring from Week 3, and peaking at Week 6 (r = 0.75, P < 0.001). A weaker relationship was observed in the upper crown, again peaking at Week 6 (r = 0.64, P < 0.001). The positive relationship between nitrogen content and photosynthetic rate at Week 12 was stronger in the upper crown (r = 0.74, P < 0.001) than the lower crown (r = 0.67, P < 0.001). A significant but weaker positive relationship was observed between nitrogen and chlorophyll contents in both the upper and lower crowns (r = 0.47, P < 0.001; r = 0.66, P < 0.001, respectively).
Growth responses
The defoliation treatment stimulated regrowth from axillary buds on the main stem and lateral branches above the cotton tags. Population differences were evident in growth and biomass traits (Tables 1 and 2 ), but there was no difference in the way different populations responded to the treatment. At the conclusion of the experiment at Week 12, there was a 17.5% reduction in stem diameter and a 68.1% increase in shoot number in the treatment plants compared with the controls (Table 1) . Relative lignotuber size was greatest in St Helens plants, which is consistent with previous studies (Whittock et al. 2003) , although relative lignotuber size, along with plant height showed no significant response to defoliation treatment.
Biomass allocation to above-ground tissue following defoliation also did not differ among populations (Table 2) , and thus differences in allocations to the lower and upper crowns following defoliation were identified using a priori contrasts among the twoway effects (P < 0.05; Table 2 ). As a result of the defoliation treatment, there were the expected reductions in leaf and aboveground biomass in the lower crown. Stem biomass was less in the defoliated than un-defoliated treatment in both the upper and lower crown. In the upper crown there was a 66% decrease in stem biomass following defoliation, but there was no change in aboveground biomass. Leaf biomass of the regrowth was 5.1% greater ). There was a significant population difference (F 2,21 = 12.9, P < 0.001) for this trait, with St Helens exhibiting greater mean leaf area compared with the other populations. The regrowth on treatment plants exhibited increased SLA, i.e., they were bigger and thinner or less dense, than new growth on the controls (F 2,21 = 37.1, P < 0.001). The mean SLA of the regrowth in the defoliated plants (1.22 ± 0.28 m 2 kg -1
) was 15% greater than the new growth of the control plants (1.06 ± 0.24 m 2 kg -1
). There was no significant interaction between population and treatment in SLA (F 2,21 = 1.5, P = 0.25; only measured in upper crown), although a significant population difference (F 2,21 = 6.4, P = 0.007) showed St Helens had higher mean SLA than the other populations.
Foliar chemical responses
Foliar chemical composition showed clear differences among the populations prior to the defoliation treatment (Week 0), with the Tasmanian populations (Blue Gum Hill and St Helens) being more similar to one another than to the Australian mainland population Jeeralang (data not shown). Mixed model analysis followed by Bonferroni adjustment (P < 0.0029) identified significant effects of crown, treatment, population and their interactions on the chemical content of plants 12 weeks after the defoliation treatment. Of these, the effect of crown followed by the crown by treatment interaction was the largest effect on most of chemical components in this study (Table 3 ). The change in chemistry between the lower and upper crowns of the control plants reflects the effects of ontogenetic and physiological aging.
In the control plants, all compounds showed greater content in the upper crown than the lower crown except condensed tannins, which was greater in the lower crown, and total phenolics, which showed no change. Despite this, there was no significant treatment by population or three-way interaction, indicating a similar change in chemistry in the three E. globulus populations. The crown by treatment interaction reflected the difference in foliar chemistry of the regrowth (from axillary buds) in the treatment plants compared with the new growth (apical) of the un-defoliated controls. Following Bonferroni adjustment, this crown by treatment interaction was statistically significant for carbon, total phenolics, condensed tannins, sideroxylonal A, total terpenes, total monoterpenes and seven individual mono-and sesquiterpene compounds (Table 3) .
The smaller effect of crown by population interaction on total phenolics, total terpene, total monoterpenes, 1,8-cineole, limonene, α-terpineol and β-caryophyllene resulted from differences in the magnitude of change that occurred between the lower and upper crowns, but all populations changed in the same direction. Pair-wise t-tests for specific contrasts indicated the direction of chemical content change in response to the defoliation treatment (Table 4) . Chemical up-regulation in the regrowth of the treatment plants compared with the new growth in control plants was evident in a number of compounds, with increases in nitrogen (21%), sideroxylonal A (37%), total terpene (15%), total monoterpenes (25%), 1,8-cineole (24%), α-pinene (30%), limonene (21%), α-terpineol (9%) and 2-hydroxy-1,8-cineole (94%). On the other hand, the content of carbon, total phenolics and condensed tannins was reduced in the new growth foliage by 0.5%, 6.8% and 39%, respectively. The remaining significant treatment by crown effects was products of a change in the chemical profile of the leaves remaining in the lower crown positioned below the cotton tags (Table 4) . Elevated levels were detected in nitrogen and condensed tannins, while carbon, sideroxylonal A, total terpene, total monoterpenes, 1,8-cineole, limonene, terpinene-4-ol, β-caryophyllene and α-humulene decreased in content. Values are expressed as grams dry matter (g DM). The results of the repeated mixed model analysis for the effect of population, treatment and crown (lower and upper) are also presented. Where there are significant treatment effects, different letters indicate significant differences between crowns in the control and defoliated plants after pair-wise comparison, P < 0.05. Bold type indicates significance of the effect: **P < 0.01; ***P < 0.001.
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The comparisons involving the differences in the remaining lower crown leaves sampled were confounded by differences in several factors. Those sampled on the treatment plants were on average closer to ground level, ontogenetically younger and physiologically older (see Borzak et al. 2015b) , than the remaining control leaves. Thus any change in content in response to the treatment in the lower crown may be either a response to the treatment or a consequence of ontogeny and/or physiological ageing. Regardless, remaining leaves in the lower crown were clearly different on average compared with upper crown in both treatment and control plants and thus there is a change in food source quality for browsers.
Discussion
The key findings to emerge from this study are: (i) genetic stability to partial defoliation among E. globulus populations for all assessed response traits; (ii) immediate and dramatic up-regulation of photosynthetic rates in the foliage remaining on plants within 3 weeks after defoliation; (iii) changes in leaf morphology (determined by SLA) and plant biomass allocation after defoliation; and (iv) changes in foliar chemical composition in regrowth of defoliated plants compared with the new growth in control plants.
Genetic stability of physiological recovery mechanisms
While the differences in chemical profiles found in this study are consistent with well-documented differences between these E. globulus populations (O'Reilly-Wapstra et al. 2004 , Borzak et al. 2015b , the genetic basis of photosynthetic responses and foliar chlorophyll content has not been previously reported. Here we show that despite observed population differences in physiological, chemical and biomass allocation traits, the three populations responded in the same ways to the defoliation treatment. Plant recovery traits and foliar chemical changes Total mono-and sesquiterpene content was calculated as the sum of their individual compounds. Individual terpene compounds are listed in order of dominance within classes. Significance of effects: *P < 0.05; **P < 0.01; ***P < 0.001. Bold type indicates significance (P < 0.0029) after the Bonferroni adjustment. 'Family within population' and its interaction with treatment and crown were used as the error terms to test the effects shown. 'Family within population' was significant only in 1,8-cineole (Z = 3.4, P < 0.001), p-cymene (Z = 2.0, P = 0.02) and terpinene-4-ol (Z = 2.7, P < 0.001). DDF, denominator degrees of freedom associated with the random error terms used to test the fixed effects. Low DDF values in terpene compounds reflect reduced sample sizes. Model convergence of α-terpineol required the removal of the three-way interaction resulting in high DDF value. 1 Indicates log transformed.
that occur in response to defoliation and are under selection exerted by herbivores are often genetically determined and show heritable genetic variation (Baucom and Mauricio 2008 , Gols et al. 2008 , Muola et al. 2010 , Carmona and Fornoni 2013 .
The populations used in the current study are genetically different, widely geographically separated and occupy different environments (Dutkowski and Potts 1999, Jones et al. 2013) .
Assuming that these extreme populations show no genetic Tree Physiology Online at http://www.treephys.oxfordjournals.org variation in their response to defoliation, genetic stability in these traits is likely to apply to the less divergent E. globulus populations. The absence of population differences in the physiological, growth and chemical response to severe loss of biomass suggests that the recovery response is an evolutionary conserved mechanism in this species. Similar conservatism for the up-regulation of photosynthesis following defoliation was reported among genotypes of Populus (Stevens et al. 2008) and the resource re-allocation response to simulated herbivore attack among families of Pinus pinaster seedlings (Moreira et al. 2012) . In another study, growth of Pinus radiata following defoliation by phloem-feeding aphids did not vary between genotypes, but increased photosynthetic activity in more susceptible genotypes suggest compensatory photosynthesis (Eyles et al. 2011 ). The extent of intraspecific variation may vary with plant life-history stage, type of damage, herbivore type and the timing of the assessment relative to the occurrence of the damage (Muola et al. 2010) . Homogeneity of intraspecific variation should always been questioned if subtle differences between populations exist, as they may be detected with a larger sample size (Muola et al. 2010) . Studies of genetic stability in eucalypt response to abiotic stresses have shown mixed results, for example, conservative chemical and growth traits were observed in responses to elevated CO 2 in E. globulus and Eucalyptus pauciflora (McKiernan et al. 2012 ) and water deficit on E. globulus (McKiernan et al. 2015) . In contrast, a recent study examining the effects of varying levels of water availability on growth, leaf morphology and physiology in Eucalyptus tricarpa showed responses among provenances differed indicating a capacity for this species to adapt to a changing environment (McLean et al. 2014 ).
Photosynthetic up-regulation and increased chlorophyll content in response to defoliation
Increased photosynthetic rates in the remaining leaves is not an uncommon response in eucalypts following natural (Quentin et al. 2010) and artificial , Medhurst and Beadle 2005 , Lisboa et al. 2014 ) defoliation. It is also consistent with the response to defoliation in other woody tree species, such as conifers (Reich et al. 1993 , Chen et al. 2001 , Lavigne et al. 2001 , Eyles et al. 2011 , acacia (Medhurst et al. 2006 ) and poplar (Maurin and DesRochers 2013) . The timing, strength and persistence of photosynthetic rate and chlorophyll production in eucalypts may vary depending on a number of factors, including leaf age (Lisboa et al. 2014) , growing conditions, the extent of damage , the age of the plant at the time of defoliation and the time of assessment following defoliation (Eyles et al. 2013) . The strong and immediate, but transient responses observed in this study, are typical of defoliated eucalypt trees involving removal of apical buds at the juvenile stage (Quentin et al. 2012, Barry and . In this study, both foliar nitrogen and chlorophyll content showed a strong relationship to photosynthetic rates, which is consistent with physiological mechanisms at the leaf-level (Trumble et al. 1993 , Quentin et al. 2010 ).
Altered leaf biomass and area in response to defoliation
Eucalyptus globulus plants in this study were not only able to fully recover (in terms of above-ground biomass) from partial defoliation in the 12 weeks after damage, but they overcompensated with a greater regrowth biomass (arising from axillary buds) than the new growth in the control plants. Overcompensation is an important recovery strategy in woody plants in other systems (Fornoni 2011 , Zhao and Chen 2012 , O'Reilly-Wapstra et al. 2014 , and whilst eucalypts are known for their ability to recover from loss of biomass , Borzak et al. 2015a ) through vegetative regeneration (Burrows 2013) , only a few studies have shown overcompensation in this genus (Barry et al. 2012) . Following defoliation, the morphology of the new foliar growth was markedly different, with leaves growing larger and thinner (as determined by SLA) or less dense (Vile et al. 2005 ; this trait was not assessed) compared with the growth in the upper crown of the control plants. Although previous studies do not show consistent responses of SLA to defoliation, increasing leaf area is a well-documented recovery strategy utilized by eucalypts to promote the capture of light in response to defoliation Pinkard 2013, Eyles et al. 2013) . The overall impact of partial defoliation on E. globulus juveniles is a sacrifice in structural allocation, with a reduction in resources to the stem, whilst increasing leaf area to maximize photosynthetic area. Changes in the patterns of biomass allocation often come at the expense of stem and root growth (Eyles et al. 2009 , Quentin et al. 2011 . Root biomass cannot be accounted for in this study as it was not assessed.
Altered foliar chemistry in response to defoliation
Since new growth is often favoured by herbivores compared with mature leaves, we might expect preferential allocation of chemical defence to the vulnerable tissue of new foliage. Indeed, the new growth of the control plants did show increased chemical defence, but the regrowth in the treatment plants became even more heavily defended. A number of chemical compounds assessed in this study showed elevated levels in the regrowth from axillary buds, including nitrogen, sideroxylonal A, total terpene, total monoterpene, 1,8-cineole, α-pinene, limonene, α-terpineol and 2-hydroxy-1,8-cineole. The similar pattern of change between compounds reflect previously documented chemical correlations in eucalypt foliage, such as sideroxylonal A and terpenes (Moore et al. 2004 , Andrew et al. 2005 ). There were also clear patterns of change in compounds of common biosynthetic origins. For example, individual terpenes that are produced by a common precursor such as the monoterpenes 1,8-cineole, α-pinene, limonene, α-terpineol and 2-hydroxy-1,8-cineole (Keszei et al. 2010 ) responded similarly to the Tree Physiology Volume 37, 2017
treatment. These results demonstrate the significant shifts that can occur after defoliation involving removal of apical buds, with regrowth from axillary buds being better defended than the new growth in related un-defoliated plants. The expression of PSMs may vary dramatically through ontogenetic development, with changes occurring between and within plant life stages of many plant species (Barton and Koricheva 2010 , Quintero and Bowers 2012 , Goodger et al. 2013 , including E. globulus (O'Reilly-Wapstra et al. 2007 , Borzak et al. 2015b . This is consistent with the results of this study, where the combined effects of ontogeny and physiological ageing altered the chemical profile of the lower and upper crowns of the control plants. In terms of development, regrowth leaves from axillary buds are not only physiologically younger, but also likely to be ontogenetically younger than comparable node leaves as the regrowth from dormant axillary buds reverts to a more juvenile form (Wiltshire and Reid 1992, Poethig 2013) . While this comparison between regrowth and lower crown leaves is confounded with differences in physiological age, we could expect the chemical content of the regrowth to tend towards the lower levels found in ontogenetically younger leaves of the lower crown of the control plants. From a chemical perspective, the chemical profile of regrowth is not consistent with the reversion to an ontogenetic earlier stage, rather it is more consistent with plant allocation of more chemical resources to defend overcompensation regrowth. This trend would be expected if herbivores are acting as selective agents on PSMs (Mauricio and Rausher 1997) , with the more susceptible E. globulus regrowth becoming more defended. This strategy provides a chemical mosaic to the herbivore, with the remnant leaves potentially more palatable than the regrowth. Increases in primary compounds such as nitrogen in the regrowth may, however, alter foliage quality sufficiently to override secondary metabolite defence compounds and instead attract herbivory. For example, Steinbauer et al. (2014) demonstrated that young, morphologically juvenile leaves produced from epicormic buds after defoliation provided high-quality foliage with greater nitrogen, and were subsequently more palatable to the invertebrate Psyllaephagus spp. Condensed tannins are known to play an important role in deterring feeding by invertebrate (Lindroth and Hwang 1996 , Rapley et al. 2008 , Barbehenn and Peter Constabel 2011 and marsupial (Harborne 1991 , O'Reilly-Wapstra et al. 2005 herbivores, yet condensed tannins, as well as total phenolics, were the only compounds to show reduced concentrations in the regrowth from axillary buds. This is consistent, however, with the dramatic drop to non-detectable levels of condensed tannins in juvenile foliage in a study that compared the chemistry of 1 year old E. globulus coppiced plants with related adult plants (O'Reilly-Wapstra et al. 2007) , and supports hypotheses that those compounds evolved for other purposes than for herbivore defence (Hagerman et al. 1998, Close and . Reduced condensed tannins and total phenolics in regrowth foliage have been documented in other woody trees, including Acacia spp., Metrosideros umbellate and Combretum apiculatum (Du Toit et al. 1990 , Kuhajek et al. 2006 , Fornara and Du Toit 2007 , Rooke and Bergström, 2007 . Such changes may be due to carbon stress (Bryant et al. 1983 ), but they have been also associated with altered source:sink ratios whereby regrowth demands increased carbohydrate, which in turn reduces concentrations of metabolic end products such as lignin and phenols, including condensed tannins (Du Toit et al. 1990 , Bryant et al. 1991 .
Condensed tannins were the only PSM to have elevated levels in the remaining physiologically old leaves of the lower crown, and are a strong candidate for induction following damage in eucalypts (Barry et al. 2001 , Eyles et al. 2003 and in other systems (Feeny 1970 , Macauley and Fox 1980 , Cooke et al. 1984 , Erwin et al. 2001 , Fritz et al. 2001 , Osier and Lindroth 2001 , Boege 2005 , Schweitzer et al. 2008 , Holeski et al. 2012 . However, the effects of ontogeny and physiological aging on PSM content cannot be separated in this study. The leaves sampled from the lower crown of defoliated plants were on average ontogenetically younger but physiologically older than those sampled from the control plants. An induced response would be supported if condensed tannin content increased with ontogeny and decreased with leaf aging. Few studies have explored ontogenetic change in condensed tannins in eucalypts (O'Reilly-Wapstra et al. 2007) , and studies in other systems have shown inconsistent results with condensed tannins being either the same or high in both physiologically young and old foliage, or varying according to season (Macauley and Fox 1980 , Cooke et al. 1984 , Erwin et al. 2001 ).
In conclusion, this study demonstrates the dynamic nature of the expression of foliar defence compounds after defoliation, and contributes to the better understanding of recovery mechanisms in E. globulus. The results suggest that juvenile E. globulus trees utilize multiple independent strategies to respond to partial defoliation. Plants increased leaf area at the expense of structural allocation to stem to maximize photosynthetic area, as well as upregulating photosynthesis, and boosting defence in regrowth from axillary buds. There is a growing literature that suggests growth and chemical defence may evolve simultaneously within a population, coexisting as complementary rather than competing alternatives (Rosenthal and Kotanen 1994 , Rausher 1996 , Strauss and Agrawal 1999 , Stowe et al. 2000 , Rausher 2001 , Carmona and Fornoni 2013 , which may allow mixed strategies to defend against multiple stresses, such as multiple herbivores (Wise and Rausher 2013) and/or abiotic stresses.
